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The biopile method consists in putting the polluted soil in piles in order to achieve soil’s biological 
decontamination under controlled conditions (aeration, irrigation, nutrient addition). When speaking of biopile, the two-
key systems - the aeration system and the irrigation system, are coupled together therefore this leads to their analysis as 
a couple. For the aeration and irrigation systems’ design to achieve a maximum level of biodegradation by the biopile 
method, the simulations of these systems are needed and further experiments are necessary to be conducted to explore 
in details the aeration and irrigation systems and to develop the criteria for achieving them. 
 





The decontamination of soil through the 
biopile method is a complex process by which the 
contaminated soil, by the leaking fuel from a 
cracked tank or by the accidental discharging of fuel 
on a surface, is excavated and formed a pile for 
aerobic biological restoration of polluted soil. The 
piles can vary between 500 and 10,000 m3 
depending upon the amount of contaminated soil, 
available space and handling requirements. A 
typical soil pile is shown in fig. 1.  
The optimization of growth and activity of 
indigenous microbial community is achieved 
through the control of the soil pile conditions, such 
as oxygen concentration, soil moisture, nutrient 
concentration and pH. The systems used to control 
the environment inside the biopile are shown in fig. 
2. The key components are: the aeration system, 
which allows the movement of air (oxygen) through 
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Figure 1. Ex situ bioremediation of soil pile [5] 
 
the biopile, and the irrigation system which controls 
the water content of soil and transport of nutrients to 
the microorganisms. Briefly, a blower applies 
suction to the bottom of the pile through slotted 
pipes while water is sprayed on the top and sides of 
the pile. The pipes are usually isolated in a gravel 
bed. Both water and air are drawn through the soil 
and exit all together through the slotted pipes. 
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Figure 2. The air extraction and irrigation systems of the soil pile [5] 
 
 
2. Simultaneous multiphase flow models 
 
There have been developed numerous models 
to predict the simultaneous multiphase flows 
through a porous media. Most models of this type 
simulate the flow of two liquid phases, but several 
air-water flow models have also been formulated. 
All are based on the same governing equations and 
involves almost the same constitutive relationship 
between saturation, capillary pressure and relative 
permeability. 
However, most models cannot be adapted to 
flow processes that occur when bioremediation is 
applied to the soil pile. Although the geometry of 
pile is common, the boundary conditions introduce 
the following issues that are not usually encountered 
by the models of multiphase flow in porous media: 
 Water and air enter through the top and the 
large opened sides of the soil pile, but exit 
through small diameter pipes located at the 
bottom of the pile, the migration of both fluids, 
in all three referenced directions, is 
significantly accelerated; 
 Saturation and water pressure along the 
boundary adjacent to the extraction pipes, 
depend largely on the water spray, therefore 
two of the limit conditions being related; 
 Pockets of saturated soil occur at the bottom of 
the pile. Escape paths are designed for air to 
pass through these areas. 
 
Approximations and constraints of boundary 
conditions are required to ensure that all solutions to 
solve equations that govern the multiphase fluid 
flow in a porous medium. A summary of the efforts 
to predict these flows, it is the treatise of Seytoux 
Morel [7]. In this treatise it is discussed about 
different mathematical approaches that lead to 
closed form solutions to multiphase flow problems. 
Some recent commercial softwares could 
probably be modified to simulate the bioremediation 
process of the soil pile. A good example is the 
Huyakorn's three-dimensional model [4]. This 
program also has the ability to simulate the escape 
paths of the medium in the form of cracks. The 
access to the codes is limited due to the property 
nature of these programs (ownership). 
 
3.Mathematical basis of the bioremediation 
process 
 
Some assumptions are made to simplify the 
mathematical concepts of the bioremediation 
process. A steady flow (stationary) with constant 
properties is presumed. Most piles are operated 
under steady conditions. Blower pressures and spray 
water remain unchanged for hours, sometimes days, 
long after the required near equilibrium has been 
achieved. 
There will be of changes in mass and 
composition of air from the pile as the byproducts 




resulted from the bio-reactions, enters the flow. The 
biodegradation rates are slow compared with the 
flow rates of forced air introduced into the soil. 
The air and the water are assumed to be 
immiscible and there are no phase changes or 
reactions with soil. The air is almost insoluble in 
water. Even in the early stages of bioremediation 
some water is retained in the pores of the soil. The 
pile is assumed to be homogeneous, the fluids flow 
being symmetric, in the perpendicular and parallel 
directions, with respect to the extraction pipes lines 
at the bottom of the pile. Formation of a pile is 
nearly homogeneous due to the inherent method of 
its construction. However, the pile may consist of 
several types of soils. Some compaction may also be 
possible, these affecting the densities and the 
permeabilities. Micro scale heterogeneities are 
probable. Clumping (formation of lumps) may occur 
when the soil is excavated and moved to the biopile. 
Finally, the pile of soil is assumed to be 
isothermal. The maximum bioreaction rates are 
achieved when the temperature is between 20 - 30 
ºC, the construction and operation of biopile offers 
the opportunity to remain in these ranges. Solar 
radiation and temperature changes will create, 
however, temperature gradients. These gradients 
will induce natural convection of air in the pile of 
soil. These differences of temperature are usually 
the order of several degrees. In addition, many 
bioreactions are exothermic. The temperature affects 
the flow properties such as viscosity. Also, the 
temperature influences the surface tension that leads 




In the medium of the pile of soil, both air and 
water velocities are low and Darcy's law is used in 








































    (3) 
 
Where: Vx, Vy şi Vz – velocities of the fluid; 
P – pressure of the fluid in the pores of the  
      medium; 
µ – fluid viscosity; 
k – intrinsic permeability of the medium; 
kr – relative permeability to account for pore 
       saturation; 
x, y ,z – cartesian coordinates.  
 
The law of conservation of mass is applied for 





Θ∂ )()( ρρ    (4) 
Where: ρ – density of the fluid; 
           Θ  – fluid content (volume of fluid per total  
                    volume of medium); 
V – velocity of the fluid; 
S – source/sink of the fluid; 
 t – time. 
In the extended cartesian form, assuming 
steady state and there is no phase changes or 
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Equations (1) – (3) are used to eliminate de 




































































The intrinsic permeability and the fluid 
viscosity are constant for a homogeneous and 




























































rrr ρρρρ    (7) 
 
When the fluid is water, the density is 
constant and drops out of equation (7). Separating 
the derivatives, the equation of conservation of 







































































Pk wrwwrwwwrwwwwwr ρ  (8) 





When the fluid is air, the ideal gas law is used 




aρ constant Pa              (9) 
Where:  T – temperature of the pile; 
              
 
R – gas constant for air. 
 
Making this substitution and neglecting the 
buoyancy of air term, which is at least an order of 
magnitude smaller than the pressure gradient across 
the pile, the conservation equation for air becomes: 
 
 



































































aPk arararar  (10) 
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,…….., etc.    (12) 
 
 




































































Pak arararar      (13) 
 
This simplification is mathematically 
equivalent to an assumption of constant air density. 
If the higher terms are eliminated, the relative 
pressure can be used in the calculations, avoiding 
the manipulation of differences between very large 
numbers. The time required for the computation is 
extremely decreased and has increased accuracy. In 
the region adjacent to the bed gravel, the region with 
the largest pressure gradients, the highest degree 
terms are more than an order of magnitude smaller 
than other terms [6]. 
Local difference between the pore water 
pressure and the pore air pressure is due to fluid 
surface tension, which is a function of pore 
geometry and the relative amount of that water and 
air in the pore [3]. Then, for a particular medium: 
 
( )awcwa SSfPPP ,1=≡−   (14) 
 
The difference between non wetting an 
wetting fluids pressure, Pa. - PW is usually called 
the capillary pressure (Pc). The pore saturation (S) 
is defined as the volume fraction of water or air in 
the pore. 
 
1=+ wa SS    (15) 
Thus, there are four equations to solve the six 
variables. Functional relationship between the 
relative permeability and saturation are also needed. 
In this approach, justified by the experience 
achieved by Kodres [5], is made the assumption: the 
relative permeability is independent of pressure and 
velocity. 
( )war Sfk 2=,    (16) 
( )wwr Sfk 3=,    (17) 
 
The three soil moisture functions f1, f2, f3 
must therefore be established. Several such 
relationships have been empirically formulated [1].  
Equations (8), (13) and (14) - (17) are 
solved simultaneously for the variables Pa, PW, kr,a, 
kr,W, Sa and Sw. 
 
4. Boundary conditions 
Boundary conditions of the equation for water 
conservation are the most complicated. Three 
conditions are possible at the top and sides of the 
pile: (1) a fully saturated surface, as would occur in 
ponds that are formed due to excess water spray, or 
(2) water is sprayed on the surface but they are not 
saturated, so that the entire quantity of water 
entering the pile, or (3) there is no water spray. 




The bottom of the pile and the symmetrical 
surfaces are impermeable. There are no pressure 
gradients along these surfaces. The exit boundary is 
represented by the interface between soil and gravel 
bed containing pipes. If the top and the sides of the pile 
are saturated, the soil found along this interface must 
also be saturated. Otherwise the volume of water 
becomes a function of spray rate. Only the total mass 
flow of water exiting the biopile is known. 
 
4.1.Boundary conditions for water are: 


























= 0 at the bottom and the symmetrical surfaces (20) 
gravww SS ,= at the bottom of the gravel bed         (21) 
 
Where:  
        n    – normal direction to the surface of interest; 
        mw – mass flux of the water sprayed on  
                 the pile. 
 
4.2.Boundary conditions of air flow through the 
pile are: 
 





= 0 at the bottom and the symmetrical surfaces (23) 




Preliminary studies on the development of a 
mathematical model needed for designing a 
software used to control the parameters of the 
bioremediation process are presented in this article. 
A high efficiency is obtained if the changes of 












The simulation of the aeration and irrigation 
systems must be computed in order to achieve a 
maximum level of biodegradation by the biopile 
technique. The aims of future research will reflect 
the design of software which allows the control of 
those parameters with direct influence on the 
bioremediation process. The major parameters of the 
software are: the soil characteristics, absorption 
through the blower, the flow rate of water spray on 
the surface of the pile. 
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